Understanding the formation and evolution of giant planets (≥1 M Jup ) at wide orbital separation (≥5 AU) is one of the goals of direct imaging. Over the past 15 years, many surveys have placed strong constraints on the occurrence rate of wide-orbit giants, mostly based on non-detections, but very few have tried to make a direct link with planet formation theories. In the present work, we combine the results of our previously published VLT/NaCo large program with the results of 12 past imaging surveys to constitute a statistical sample of 199 FGK stars within 100 pc, including three stars with sub-stellar companions. Using Monte Carlo simulations and assuming linear flat distributions for the mass and semi-major axis of planets, we estimate the sub-stellar companion frequency to be within 0.75-5.70% at the 68% confidence level (CL) within 20-300 AU and 0.5-75 M Jup , which is compatible with previously published results. We also compare our results with the predictions of state-of-the-art population synthesis models based on the gravitational instability (GI) formation scenario by Forgan & Rice (2013), with and without scattering. We estimate that in both the scattered and non-scattered populations, we would be able to detect more than 30% of companions in the 1-75 M Jup range (95% CL). With the three sub-stellar detections in our sample, we estimate the fraction of stars that host a planetary system formed by GI to be within 1.0-8.6% (95% CL). We also conclude that even though GI is not common, it predicts a mass distribution of wide-orbit massive companions that is much closer to what is observed than what the core accretion scenario predicts. Finally, we associate the present paper with the release of the Direct Imaging Virtual Archive (DIVA, http://cesam.lam.fr/diva/), a public database that aims at gathering the results of past, present, and future direct imaging surveys.
Introduction
Among the various exoplanet detection methods, direct imaging is the best suited to look for sub-stellar companions orbiting at large orbital separation (>10 AUs) around nearby stars (<100 pc). Over the past 15 years, multiple surveys targeting a variety of stars with different spectral type, distance, age, or metallicity have been successful at placing tight constraints on the frequency of giant planets and brown dwarfs in the 50-1000 AU range (see Bowler (2016) for a recent review). Despite the development of optimized observing strategies and data analysis methods, only a limited number of sub-stellar companions have been detected, leading to the conclusion that the frequency of these objects is very low (typically 5%; Galicher et al. 2016) . At closer orbital separations, in the 5-50 AU range, the question remains largely unanswered, although initial results (Macintosh et al. 2015; Wagner et al. 2016 ) from on-going large-scale direct imaging surveys with the new generation of high-contrast imagers and spectrographs (Beuzit et al. 2008; Based on observations collected at the European Southern Observatory, Chile (ESO Large Program 184.C-0157 and Open Time 089.C-0137A and 090.C-0252A).
2014; Guyon et al. 2010) suggest that the frequency of young giant planets is within a few percent.
The few known directly imaged giant planets as well as the overall paucity of this type of object at large separations raise the question of planetary formation. The two competing mainstream scenarios are core accretion (CA) and gravitational instability 1 (GI). In the CA model, giant planets are formed in a multi-stage process entailing the buildup of a 10-15 M ⊕ core followed by rapid accretion of gas from the protoplanetary disk (Pollack et al. 1996; Alibert et al. 2004) . This model has been very powerful in explaining a lot of the properties of the exoplanet population detected within 5 AU, but it faces major difficulties in explaining the formation of giant planets farther out than ∼20 AU because of the timescales involved (Alibert et al. 2005; Kennedy & Kenyon 2008) . Pebble accretion has been proposed as a potential solution to this issue (Lambrechts & Johansen 2012; Levison et al. 2015) , but the most recent simulations show that this mechanism does not really form giant planets (several M Jup ) at large orbital distances (Bitsch et al. 2015, their Figs. 4 and 5) .
In the GI model, the planets are the result of gravitational fragmentation and collapse of clumps in the disk (Boss 1998; Vorobyov 2013) . This model could more readily explain the existence of gas giants very far from their star, but the conditions that can lead to disk fragmentation are still not fully understood (Meru & Bate 2011; Paardekooper 2012; Rice et al. 2012 Rice et al. , 2014 Young & Clarke 2016) . In any case, disk-planet interactions (Kley & Nelson 2012) or planet-planet scattering (Veras et al. 2009; Dawson & Murray-Clay 2013) will likely impact on the original semi-major axis distribution of planets, resulting in exoplanets covering a wide range of possible masses, sizes, locations, and compositions.
Observational constraints are crucial in validating or invalidating planetary formation models, and in investigating the migration processes at play during the early evolution of planetary systems. In this regard, planet population synthesis is an interesting approach to statistically compare observations with theory and detect potential shortcomings in the modeling (see the review by Benz et al. 2014) . One of the important early successes of planet population synthesis has been to be able to provide a consistent picture of the mass versus semi-major axis diagram for planets up to a few AUs (Ida & Lin 2004; Mordasini et al. 2009 ).
For directly imaged planets, population synthesis has so far mainly been used for comparison with individual objects, like the giant planet around β Pictoris (Bonnefoy et al. 2013) , or as an illustration of the potential for future exoplanet imagers (Rameau et al. 2013) . One of the reasons is that population synthesis developments have been primarily based on the CA model, which forms very few massive planets at large separations, therefore making any comparison with results from past direct imaging surveys pointless. Although planet-planet scattering can send planets much farther out in the systems and allow their direct detection, population synthesis models based on CA only recently started to incorporate several planet embryos per disk and their subsequent dynamical evolution (Alibert et al. 2013; Ida et al. 2013) . Predictions are currently too premature for comparison with past direct imaging surveys, but will be a key aspect for the forthcoming analysis of the large surveys ongoing with VLT/SPHERE (Spectro-Polarimetric High contrast Exoplanet REsearch; Beuzit et al. 2008) and Gemini/GPI (Gemini Planet Imager; Macintosh et al. 2014) .
Comparison between direct imaging observations and predictions of the GI theory has only been explored statistically in two surveys (Janson et al. 2011 (Janson et al. , 2012 Rameau et al. 2013) . They used physical considerations to define the domains in the (mass, semi-major axis) parameter space where formation by GI would be allowed, and used the non-detection in their surveys to set upper limits on the giant planet frequency. These studies, however, do not consider the subsequent evolution of a population that may form via GI. Planet population synthesis based on the GI theory has taken much longer than CA to mature, and only lately has a consistent model including multi-object systems been formulated (Forgan & Rice 2013; Forgan et al. 2015) . This model predicts the formation of a wide range of sub-stellar objects, a large portion of which could be detected by direct imaging with conventional or extreme adaptive optics systems.
In the present paper, we put the Forgan & Rice (2013) population synthesis model to the test by comparing its outcome to direct imaging results obtained around 200 young, solar-type (FGK) stars. In Sect. 2 we describe our full statistical sample based on 13 previously published direct imaging surveys spanning more than ten years. In Sect. 3, we discuss the detection limits and we present the Direct Imaging Virtual Archive (DIVA), a public database associated with this paper. In Sect. 5 we detail the population synthesis and evolutionary models considered in our analysis and then in Sect. 6 we present our statistical analysis based on outputs of population synthesis. Finally, we discuss our results and present our conclusions in Sect. 7.
Sample description
The current work was started in the context of the VLT/NaCo large program to probe the occurrence of exoplanets and brown dwarfs at wide orbits (ESO program 184.C-0157, P.I. J.-L. Beuzit), hereafter NaCo-LP. The general philosophy of the NaCo-LP sample selection has previously been described in Desidera et al. (2015) and Chauvin et al. (2015) , but we summarize here the details that led to the definition of the final sample used in our work.
The target selection was originally based on a large compilation of ∼1000 young nearby stars that were selected in preparation of the VLT/SPHERE SHINE (SpHere INfrared survey for Exoplanets; Chauvin et al. in prep.) survey. The age determination was based on various youth indicators including lithium content, Ca ii H and K line chromospheric emission, Hα emission, X-ray activity, rotation rate, and kinematics. From this initial compilation, we selected solar-type stars (FGK; 0.4 mag ≤ B − V ≤ 1.2 mag) within a distance horizon of 100 pc and with an age ≤ 200 Myr, in order to be sensitive to planetary-mass objects in the 50-1000 AU range. An additional cutoff at R ≤ 9.5 was applied, corresponding to the limit for full-performance of the visible wavefront sensor of VLT/SPHERE expected at that time (Fusco et al. 2006) . Known spectroscopic and visual binaries (≤ 6 ) were also removed to have a sample as free as possible from dynamical perturbations to planets in wide orbits (see Sect. 5), as well as to avoid any decrease in performance of the adaptive optics system related to the presence of a stellar companion. Although spectroscopic binaries do not pose technical difficulties for wavefront sensing, they were discarded to focus the study on single stars and stars in extremely wide binary systems. The frequency of circumbinary giant planets has recently been the subject of a dedicated study (Bonavita et al. 2016) .
The list was then cross-correlated to the targets observed in previous high-contrast imaging surveys with sensitivities similar to the expected NaCo-LP sensitivity (Masciadri et al. 2005; Lowrance et al. 2005; Kasper et al. 2007; Biller et al. 2007; Lafrenière et al. 2007; Chauvin et al. 2010) , resulting in a selection of 110 targets observable from the VLT and that were never previously observed at high-contrast. From this final selection, 85 were observed with VLT/NaCo from 2009 to 2013, while the other 24 could not be observed due to weather or technical losses. The results of the observations and a first statistical analysis of the NaCo-LP observed sample are presented in Chauvin et al. (2015) and Reggiani et al. (2016) .
For the final analysis that we present in this work, the observed sample was combined with the results from direct imaging surveys published prior to the start of the NaCo-LP, as well as surveys subsequently published (Heinze et al. 2010; Vigan et al. 2012; Rameau et al. 2013; Biller et al. 2013; Brandt et al. 2014) . We also added the results of an unpublished HST/NICMOS survey 2 by Song and collaborators and for which we performed a dedicated analysis. The candidates' identification and follow-up of this program was performed with VLT/NaCo Song, Farihi priv. com.) . Only surveys targeting solar-type stars were included, and we did not include surveys targeting only stars with debris disks (Apai et al. 2008; Fig. 1 : Histograms summarising the properties of all the targets considered in the final sample: spectral type, age, distance, and metallicity (from left to right). The complete sample includes 199 individuals targets. All the properties are detailed in Appendix A. Notes.
(a) Techniques: ADI = angular differential imaging, usually coupled with saturated imaging; ASDI = angular and spectral differential imaging; COR = coronagraphy; DI = direct imaging (saturated); RDI = reference differential imaging; SDI = spectral differential imaging.
(b) The sum of N survey for all surveys is larger than 199, the total number of stars considered in our analysis, because some stars were observed by several surveys.
(c) HST, cycle 13, GO10176 2013b) to avoid any significant astrophysical bias. However this selection criterion does not mean that we do not have debris disk targets in our sample. We simply included only surveys that did not use the presence of a known debris disk as their primary selection criterion. The color, R-mag, and distance criteria were also applied to the archival data, but we did not apply the age criterion so as to increase the number of targets in the sample. Table 1 presents a summary of these surveys including the telescope and instrument, the band of the observations, the number of targets in their respective sample (N survey ), and the number that we use in the current work (N NaCo−LP ). From here on, we refer to the combination of the observed and archive samples as the full NaCo-LP sample, which comprises a total of 199 stars, some of which were observed in several surveys.
Ages and other stellar parameters for the literature surveys were rederived in an homogeneous way following the procedures described in Desidera et al. (2015) for the NaCo sample. However, the ages of some young moving groups were updated, following the recent results by Bell et al. (2015) and correspondingly the ages of stars based on indirect methods (e.g., lithium) taking as reference moving groups members were also updated.
Further details on the adopted ages for individual groups are described in Bonavita et al. (2016) . The ages of the targets from Desidera et al. (2015) were also revised following the above procedure. The properties of the sample are summarized in Fig. 1 , and all the values are detailed in Appendix A.
From Fig. 1 we notice that the metallicity of the sample is quite narrowly distributed around solar value. This is the result of the fact that young stars in solar vicinity have typically metallicity close to the solar values (see, e.g., Santos et al. 2008; D'Orazi et al. 2009; Biazzo et al. 2012) . Furthermore, the few stars with metallicity significantly above or below solar are typically among the oldest in the sample, and therefore carry limited information in the statistical analysis. This metallicity distribution and in particular the lack of super-metal-rich young stars should be taken into account in the interpretation of the statistical results of imaging surveys and in the comparison with the samples observed with other techniques like radial velocity, characterized by a broader metallicity distribution.
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Detection limits
Detection limits for the various surveys were collected from their respective authors. The challenges of defining a reliable detection limit in high-contrast imaging have already been underlined by several authors in the case of angular differential imaging (Marois et al. 2008; Mawet et al. 2014) or its combination with spectral differential imaging (Rameau et al. 2015; Vigan et al. 2015) . To simplify the combination of many different detection limits from various surveys in our work, we adopt the commonly used 5σ threshold for all detection limits. Although this may not be completely accurate, there is no simple alternative when considering many surveys, unless one has the capability of reprocessing all the corresponding data in a consistent manner. The only exception to this 5σ threshold is the Biller et al. (2013) survey, where the detection limit is given by a 95% completeness curve, which represents the delta magnitude limit above which 95% of all objects in the field should be detected at a given separation. Wahhaj et al. (2013a) , who defined this metric, showed that in most cases it agrees well (at the ∼10%-30% level) with the nominal 5σ contrast curves.
While collecting all these detection limits, we realized that there is currently no public database that gathers all the results of past direct imaging surveys. In particular, the position and status of all companion candidates in the field is not always reported or easily accessible in machine-readable format. The availability of such data is of prime importance for the large imaging surveys being performed with VLT/SPHERE and Gemini/GPI, but also for the surveys that will be performed in the future. To remedy this lack, we associate the current paper with the release of DIVA (http://cesam.lam.fr/diva/), a public database designed to contain results from published direct imaging surveys: images, detection limits, signal-to-noise ratio maps, position, and status (when available) of detected companion candidates. To simplify and standardize these heterogeneous data, all the relevant information is packaged into HCI-FITS files, a standard for high-contrast imaging data recently proposed by Choquet et al. (2014b) in the context of the ALICE 3 (Archival Legacy Investigations of Circumstellar Environments) project (Choquet et al. 2014a; Soummer et al. 2014) .
All the 5σ detection limits and detection maps calibrated in contrast were then converted into companion mass using the AMES-COND2003 evolutionary models (Baraffe et al. 2003) specifically calculated in the filters of the observations (Fig. 2) . The post-formation luminosity of giant planets is likely to be the result of the way the material is accreted onto the protoplanetary core, resulting in a broad range of possible luminosities for a similar mass (Fortney et al. 2008; Spiegel & Burrows 2012; Mordasini 2013) . However, comparisons of the luminosity of some giant planets with sets of evolutionary tracks or formation models (e.g., Janson et al. 2011; Bonnefoy et al. 2013) tend to show that they do not appear to be compatible with very low initial entropy models ("cold-start") but instead with intermediate or high initial entropy models ("warm-start" or "hot-start"). For the mass conversion we therefore use the AMES-COND2003 models which correspond to the highest possible initial entropy, but keeping in mind that it is the most favorable scenario. Future studies will need to address the initial entropy problem in large direct imaging surveys more specifically.
Sub-stellar companion detections
During the course of the NaCo-LP, we detected twelve previously unknown binaries and one white dwarf (Zurlo et al. 2013 ), but no new sub-stellar companions. However, our full statistical sample includes four known companions discovered by other surveys and that must be considered in the analysis. We summarize below the main properties of these companions:
-GSC 08047-00232 B (TYC 8047-0232 B) is a 25 ± 10 M Jup BD with a derived spectral type of M9.5±1 (Chauvin et al. 2005a ) at a projected separation of ∼280 AU. It is a probable member of the Tucana-Horologium association, with an age of 10-50 Myr. While the age indicators of GSC 08047-00232 are consistent with other K-type members of Tuc-Hor, its available kinematics are not a strong match to the bulk of the association. For the purpose of this paper we keep this star as a member of Tucana-Horologium; -AB Pic b (HIP 30034 b) is a 10-14 M Jup object at a projected separation of 275 AU (Chauvin et al. 2005b; Bonnefoy et al. 2010) . The object AB Pic b could alternatively be a member of the similarly aged, but less well defined, Carina association (Malo et al. 2013) . This has no impact because the ages of Tuc-Hor and Carina are the same within uncertainties; -PZ Tel B (HIP 92680 B) is a 50 (Biller et al. 2010; Maire et al. 2016 ) orbiting on a very eccentric orbit (e>0.66) at 49-77 AU. It is a member of the β Pictoris moving group.
-HD 130948 BC (HIP 72567 BC) is a BD binary discovered by Potter et al. (2002) , with a total mass estimated at 0.1095 ± 0.0022 M (Dupuy & Liu 2011 ) and orbiting at a projected separation of ∼50 AU from the Sun-like star HD 130948 A. As this is a hierarchical triple system, it is considered in our sample as a binary with masses M A and M BC . As the secondary has a mass outside the mass ranges of interest of this study, we will not consider this as a detection in our analysis.
Planet population synthesis models
The standard planet formation scenario is typically referred to as the core accretion model (Safronov 1972) . This involves the growth of micron-sized dust grains to form kilometre-sized planetesimals that then collide and grow to form planetary-mass bodies (Wetherill 1990; Kokubo & Ida 1998) . If these become sufficiently massive prior to the dispersal of the disk gas, they may accrete a gaseous envelope (Mizuno 1980) to become a gas giant planet (Pollack et al. 1996) . If not, they remain as rocky and icy planets with masses similar to that of the Earth (Chambers & Wetherill 1998 ).
The detection of giant planets on wide orbits, however, provides a challenge to the standard core accretion scenario, as the growth time for cores at these radii should far exceed the gas disk lifetime (Levison & Stewart 2001) . The accretion of centimeter-sized pebbles has been proposed as a possible way of rapidly forming gas giant cores (Lambrechts & Johansen 2012) , but this model is relatively young so further exploration of this mechanism is still necessary. An alternative scenario involves direct gravitational collapse in massive, self-gravitating protostellar disks (Kuiper 1951; Boss 1998) . The basic idea is that if a protostellar disk is both massive and cold, it becomes susceptible to the growth of gravitational instability (Toomre 1964) . If these disks can cool rapidly (Gammie 2001; Rice et al. 2003) , or maintain sufficiently high accretion rates while remaining quasiisothermal (Kratter & Murray-Clay 2011) , then this can lead to fragmentation to form bound objects that may then collapse to form planetary-mass bodies, brown dwarfs, or low-mass stars (Stamatellos & Whitworth 2009a) .
Furthermore, it has been suggested (Nayakshin 2010a ) that within these fragments, dust grains may grow and sediment to form cores, and that the fragments may rapidly migrate into the inner disk. If the contraction of the fragment is slow enough, and the migration and sedimentation fast enough, then the fragment may be stripped of gas by tidal interactions with the host star and this process could in principle form both close-in, and wide orbit, planets (Nayakshin 2016a) .
It is therefore possible to generate a synthetic population of planets -or brown dwarfs -that form via disk fragmentation, undergo grain sedimentation, and evolve via migration in the protostellar disks and, potentially, via tidal interactions with the host star. We briefly describe the main parameters of the models below, but the reader is encouraged to read Forgan & Rice (2013) and Forgan et al. (2015) for a complete description. The models combine:
1. semi-analytic self-gravitating disk models with photoevaporation (Rice & Armitage 2009; Owen et al. 2011 ), 2. analytic fragmentation criteria which measure the local Jeans mass inside a spiral perturbation (Forgan & Rice 2011 ), 3. a system of fragment evolution equations which follow the evolution of the fragment's dust and gas components (Nayakshin 2010b (Nayakshin ,c, 2011 , 4. equations that describe the orbital evolution of the protoplanet via disk migration (Kley & Nelson 2012; Baruteau & Masset 2013) , and 5. equations describing the tidal disruption of the planetary embryo if it exceeds its Hill radius (Faber et al. 2005) .
Once fragmentation has occurred, the embryos continue to collapse in a manner analogous to protostellar collapse, while their internal dust population grows and begins to sediment towards the pressure maximum at the center. This sedimentation is suppressed partially by gas turbulence and high-velocity collisional destruction, and eventually by evaporation as the gas temperature continues to increase. The embryo migrates radially inward according to the local disk properties, and can be tidally disrupted as it overflows its own Roche lobe. Indeed, almost half of all embryos are destroyed during this process.
In this work, we assume a disk with maximum radius of 100 au, with a surface density profile Σ ∝ r −1 , and with solar metallicity. The stellar mass and disk mass are varied for each iteration of the model, as is the X-ray luminosity of the star, which affects the timescale for disk photoevaporation and hence sets a time limit on the fragments' evolution. The resulting population generated is described in detail in section 3.1 of Forgan & Rice (2013) .
The population synthesis model yields (mainly) relatively massive gas giants and brown dwarfs, with the majority of these objects residing at semi-major axes above 30 AU. As this model does not consider the dynamical evolution of these bodies after the protostellar disk has dispersed, the systems for which more than two embryos have formed are evolved for 10 6 years using nbody simulations to ascertain the effect of object-object scattering on the planetary orbital parameters . Although each system is evolved for a time that is smaller than the observed ages of objects which we would like to compare to disk fragment models, this relatively low simulation time was used partly to reduce computational expense and partly because systems that produce scattering events express this instability within a few tens of thousands of years (Chambers et al. 1996; Chatterjee et al. 2008 ). As such, the results should reasonably reflect the likely outcome of fragment-fragment interactions. Having said this, we must note that secular evolution of these systems may occur over timescales greater than 10 6 yr (e.g., Veras et al. 2009 ). As a result, we may underestimate the number of bodies ejected from their host star systems, and we may also underestimate the final semimajor axis of the bodies that do remain bound.
This procedure therefore gives two data sets to consider: the first is the output of the population synthesis model (hereafter non-scattered population; Forgan & Rice 2013) , and the second is the dynamically evolved, post-disk dispersal population (hereafter scattered population; Forgan et al. 2015) . Figure 3 shows the output of the population synthesis models for both the scattered (left panel) and non-scattered (right panel) population. We can see that for both before and after scattering, the majority of the population resides at semi-major axes >20 AU, with masses of the order of one Jupiter mass (M Jup ) and larger. This is despite the model's ability to tidally downsize the bodies into the Neptune and Earth mass regime, which some authors predict (Nayakshin 2010a), but we find such events are statistically rare enough not to occur, despite synthesising a total of one million disk fragments. Crucially, whatever subsequent modification occurs to the bodies after fragmentation, the process preferentially generates large populations of bodies with masses above 1 M Jup and semi-major axes above 20 AU, well within the sweet spot of direct imaging observation sensitivity reported in the present work.
Figures 4 and 5 show the evolution of the two populations in terms of semi-major axis distribution and repartition of the number of planets in the systems. For the semi-major axis, the scattering creates a tail of planets that go much beyond 100 AU, but the population remains largely dominated by a large peak in the 10-100 AU range. However, the cumulative histogram shows that ∼50% of the planets are ejected from the systems during the scattering. This process affects mainly systems with three or more planets ( . Different colors are used for single (green), double (blue), triple (orange), and quadruple (purple) systems. The size of the symbols increases from single to quadruple systems to make the plots easier to read. Approximately 50% of the planets are ejected from the systems during the scattering, resulting in a much smaller total number of planets in the scattered population. The vertical dashed lines at 10 and 400 AU mark the semi-major axis range where the average detection probability of our observations is ∼50% or more for massive companions. The total number of systems and planets before and after scattering is displayed in the top-right corner of the plot. The bins are normalized to the total number of systems in each of the two populations independently. The ∼2% of systems with zero planets before scattering correspond only to cases where all the companions in the systems have masses above 75 M Jup , while for the scattered case it also includes systems where all the companions were ejected as a result of the scattering process.
systems with one or two planets, but which more generally end up with not planets at all. We should note of course that the population synthesis models of Forgan & Rice (2013) are the first steps towards a complete description of disk fragmentation and the tidal downsizing process. The post-processing of the model's output by Forgan et al. (2015) highlights the importance of fragment-fragment in-teractions in setting the distribution of orbital parameters (especially eccentricity). However, these interactions only occur after the disk dissipates -interactions between fragments while still embedded in the disk are neglected. Simulations of fragmenting disks demonstrate that these early fragment interactions can determine whether a fragment survives tidal downsizing to become a detectable sub-stellar object (Stamatellos & Whitworth 2009a,b; Hall et al. submitted) .
The model does not permit accretion of further gas from the disk by the fragment, and therefore the masses derived by the model are lower limits. Mass accretion can encourage the opening of gaps in the disk and reduce the migration speed, which allows more massive objects to remain at larger semi-major axis. That being said, Baruteau et al. (2011) and Zhu et al. (2012) show that migration rates in self-gravitating disks are rapid compared to theoretical calculations based on low-mass disks, and Malik et al. (2015) show that this can frustrate gap opening even for high fragment masses. If fragments do survive the tidal downsizing process, these results suggest such objects are likely to be more massive, and hence easier to detect than the Forgan & Rice (2013) model currently predicts.
The accretion of solid material (e.g., Helled et al. 2006 ) is also not modeled, which in turn affects the microphysics of dust settling in the fragment (Nayakshin 2016b) . As this is responsible for the formation of solid cores in the GI formalism, this affects the survival rates of disk fragments. The physics of fragment evolution is at its heart the study of dust-gas interactions in a collapsing environment, a process that is challenging to describe semi-analytically. The interested reader should consult Nayakshin (2016a) for a review of the multiple physical processes at play.
Finally, it is still somewhat unclear as to how stellar companions might influence the evolution of self-gravitating protostellar disks, which is one of the reasons why visual binaries with separations below 6 have been removed from the sample. Much of the early work in this area investigated the role of stellar encounters, which indicate how the impulse induced by a companion can promote or inhibit fragmentation. Boffin et al. (1998) suggested that encounters might promote disk fragmentation, while more recent work has suggested that they will typically inhibit fragmentation (Lodato et al. 2007; Forgan & Rice 2009 ). This latter work, however, considered disks that were initially sufficiently compact that fragmentation in isolation was unlikely. If disks can be sufficiently extended that they become irradiation dominated, then encounters may well trigger fragmentation in the outer regions of these disks (Thies et al. 2010) . It is, however, still unclear as to whether or not such extended disks actually exist at such early times (Maury et al. 2010 ).
More recent studies now consider the secular evolution of self-gravitating protostellar disks by companions on closed orbits. For example, Fu et al. (2017) demonstrated for isothermal disks that if the companion's orbit is sufficiently tilted compared to the disk plane, Kozai-Lidov oscillations can induce fragmentation even when the disk has a Toomre parameter Q > 2. Further work is required to fully ascertain the role of binary companions in disk fragmentation, with particular attention needing to be paid to disk thermodynamics and sweeping the relatively large parameter space of both binary and disk configurations. Table 2 . The plain lines represent the probability density function obtained when considering the best age estimate for all the stars in the sample, and the colored envelopes represent the variations when considering the minimum and maximum ages.
Statistical Analysis

Giant planet and brown dwarf frequency estimation
The statistical analysis of the survey results has been done using the MESS code (Multi-purpose Exoplanet Simulation System, see Bonavita et al. 2012 ) and its QMESS evolution (Bonavita et al. 2013) . The code allows a high level of flexibility in terms of possible assumptions on the synthetic planet population to be used for the determination of the detection probability. For consistency with previous work (see, e.g., Lafrenière et al. 2007 ; (Forgan & Rice 2013; Forgan et al. 2015) with the mean detection probabilities of the observations (best age estimate). A significant fraction of the GI population could potentially be detected, even in the non-scattered case. The colors and symbols for the populations and the known companions are the same as in Fig. 3 and 6. Vigan et al. 2012; Rameau et al. 2013) and to allow a straightforward comparison of the results, we started our analysis by generating a population of planets using a given set of assumptions on the planet parameter distributions, and comparing the detectability of this population of planets with our detection limits to obtain a mean probability of detection map. We assumed flat distributions in linear space for the mass and semi-major axis respectively, in the 1-75 M Jup range by steps of 1 M Jup and in the 1-1000 AU range by steps of 1 AU. Following Hogg et al. (2010) , we adopt a Gaussian eccentricity distribution with µ = 0 and σ = 0.3. The implications of choosing this distribution over a flat eccentricity distribution are discussed in Bonavita et al. (2013) . The mean sensitivity map that we obtain, plotted in Fig. 6 for the optimal stellar ages of the sample, illustrates the high sensitivity of the full NaCo-LP sample of brown dwarfs and massive planets down to ∼10 M Jup in the 50-300 AU range.
Following Lafrenière et al. (2007) and Vigan et al. (2012) , we can estimate the fraction of stars that host at least one brown dwarf or giant planet, F ps , using the detection probability maps of individual targets and the confirmed detections in our sample (see Sect. 4). Since we have no a priori information on F ps , we assume a flat prior. The probability density function (PDF) of F ps in different semi-major axis and mass intervals is plotted in Fig. 7 , and the results are summarized for the best stellar ages in Table 2 (results for the extreme ages are provided in Appendix B). As mentioned in Sec. 4, HD 130948 BC is considered in our sample as a binary and is therefore not used in this analysis. The frequency values are in agreement with the results presented by Galicher et al. (2016) for a sample of a similar size to ours. They support a frequency between 1-2% and 3-4% for planetary-mass and brown dwarfs around FGK stars within 100 pc.
To remain as unbiased as possible when deriving the PDF of F ps , this analysis assumes flat distributions in mass and semimajor axis (i.e., linear-flat priors). A more realistic approach would be to consider log-uniform priors, which would favor less massive, closer-in planets compared to distant giant planets. The main qualitative effect on our results would be to increase the number of planets that we cannot detect, and would therefore broaden significantly the PDFs showed in Fig. 7 . Instead of relying on these modified priors, which are more realistic but still disconnected from the physics of planetary formation, we propose to use population synthesis models to constrain the planetary system frequency.
Analysis based on population synthesis models
One of the goals of our work is to test the predictions of the Forgan & Rice (2013) population synthesis model based on the GI formation mechanism and described in Sect. 5. The output of the GI models provides mass, physical separation, and eccentricity for all the planets in the population. We use this information to compare the non-scattered and scattered populations with the detection limits of the survey presented in Fig. 2 . Qualitatively, it appears that if a large population of planets formed by GI exists, it should be detectable from these observations.
To try to quantify this statement, we use the MESS code to assess the detectability of this GI population for our survey. The masses, semi-major axes, and eccentricities are taken directly from the generated population, and the code takes care of randomly generating all the missing orbital parameters needed to A. Vigan et al.: The VLT/NaCo large program to probe the occurrence of exoplanets and brown dwarfs at wide orbits. IV. Fig. 9 : Histogram of the mass and separation of companions detectable at various confidence levels, for the scattered (right panels) and non-scattered (left panels) population. Similarly to Fig. 7 , the plain lines represent the values for the best age estimate of the stars, and the colored envelopes show the variations observed when considering the minimum and maximum ages. The fraction of detected companions is smaller for the maximum ages and larger for the minimum ages. For the histograms in mass, semi-major axes from 1 to 500 AU are considered, and for the histograms in semi-major axis, masses from 1 to 75 M Jup are considered. A confidence level of 95% means that for a given bin, the height of the bin represents the fraction of companions in that bin that have been detected in 95% (or more) of the simulated surveys. The small drop at 330 AU in the scattered population is numerical.
project the planetary orbit and evaluate the projected separation at the time of the observation. The detectability of the full population is then tested against the detection limits described in Sec. 3, individually for all the stars in the sample.
This process allows us to estimate the probability of detection of each companion in the population.
4 Figure 9 summarizes the result of the analysis: for each panel the fraction of companions with average detection probability greater than 68%, 90%, and 95% are shown as a function of the companion mass (top) or separation (bottom) for both the scattered and non-scattered populations. The fraction of companions detected in each bin is of course highly correlated to the planets distribution in the original populations (Fig. 4) . The apparent inconsistency between Figs. 8 and 9 is caused by the fact that Fig. 8 compares the populations to the mean probability, which is pessimistic in the case of stars with poor detection limits (see Fig. 2 ), whereas Fig. 9 is based on a per-star analysis which is then combined together to produce the figure.
The plots as a function of semi-major axis in Fig. 9 show that more than 30% of companions with masses in the 1-75 M Jup range and separations in the 70-200 AU range would be detected in 95% of the simulated surveys, for both the scattered and non-scattered scenarios. This number even goes above 50% when considering 68% of the simulated surveys. In the plots as a function of mass, there is a significant loss of sensitivity towards small masses (<10 M Jup ) because the population contains a large fraction of 1-20 M Jup planets to which we are not very sensitive. Nevertheless, the population also contains a significant fraction of 20-50 M Jup objects to which we are highly sensitive, both in the scattered and non-scattered scenarios. In other words, this analysis shows that under the hypothesis of the model, a popu- Fig. 10 : Probability distribution of the frequency of stars hosting at least one planetary system, based on the non-scattered (left) and scattered (right) populations described in Sec. 5. Similarly to Figs. 7 and 9, the plain lines represent the probability density function obtained when considering the best age estimate, and the shaded areas show the variations obtained when considering the full age range. The results are summarized in Table 3 . lation of GI-formed planets would have a great chance of being detected by our survey, even if scattering is negligible.
The MESS code provided us with a probability of detecting each companion belonging to the GI populations around each star in our sample, taking into account the observed detection limits and the projection effects (see above). Such results can be used to constrain the value of the frequency companions compatible with our survey results, in a similar fashion to what is described in Sec. 6.1. Most companions in the populations are part of multiple systems (both in the non-scattered and scattered case, see Fig. 5 ). We therefore decided that a more meaningful way to interpret our results would be to consider the probability of detecting a system with one or more companions, instead of considering each companion singularly. We therefore considered a synthetic system detected if at least one of its components had a detection probability greater than zero. In cases where more than one component satisfied such a requirement, then the highest value of the detection probability among the components was adopted as the detection probability of that system. Instead of limiting our analysis to a specific mass and semimajor axis range, we considered all the systems in the populations with companions up to 75 M Jup . Once the detection probability of each synthetic system was obtained for all the stars in the sample, the average over all the systems was adopted as the detection probability for each star. This allowed us to estimate the fraction of stars hosting at least one system consisting of one or more companions formed via GI, compatible with our observations. The results are shown in Fig. 10 and summarized in Table 3 for both the non-scattered and scattered case.
All but one companion (AB Pic b) detected in our survey have estimated masses considerably higher than 14 M Jup , therefore they are more properly characterized as brown dwarfs than planets. Thus, we have calculated limits on F ps both for planets and higher mass companions as well as for the planets only case (in this case, defining "planet" as anything with mass ≤14 M Jup ). When considering all companions (three detections), we estimate F It is interesting to note that the best estimates of F ps are very similar in the scattered and non-scattered case. This is likely the result of the shape of the semi-major axis distribution of the population: in Fig. 4 we see that although the scattering sends many objects at very large orbital separations, the overall shape of the distribution remains dominated by a large peak in the 10-100 AU range where our observations are the most sensitive. The effect of the tail of the population that is scattered in the 100-400 AU range is almost negligible and has little influence on the F ps estimation. The main consequence is that if we assume that all the detected companions are the result of a GI-like formation scenario, then our observations cannot distinguish between the scattered and non-scattered scenarios: both scenarios appear equally likely when compared to the observations. CA (Ida et al. 2013) Fig. 11: Density plots representing scattered populations based on GI (Forgan & Rice 2013; Forgan et al. 2015) and CA (Ida et al. 2013) compared to the detections in our sample and to the mean detection probabilities of the observations (contour lines are at 5%, 25%, 50%, 90%, and 95%). Density colors go from dark blue (low occurrence) to cyan (high occurrence) for the CA population, and from red (low occurrence) to yellow (high occurrence) for the GI population. The histograms on top and on the right represent the relative frequency in each bin of semi-major axis and planetary mass respectively. The histograms take into account the whole population, including the planets that are outside of the visibility window of the main plot. The semi-major axis and mass of the known companions are represented with dashed lines in the histograms.
Discussion and conclusions
The dearth of detections of massive bodies at large radii challenges the gravitational instability theory of planet formation. This theory proposes that giant planets and brown dwarfs may be formed via disk fragmentation, which is predicted to occur at semi-major axes of at least 30-50 AU and larger. In a previous attempt at constraining the GI formation mechanism using the Gemini Deep Planet Survey sample (Lafrenière et al. 2007 ), Janson et al. (2012) used a toy model (Klahr et al., unpublished) to define the range of mass and semi-major axis where formation by GI would in principle be allowed around FGKM-type stars. In their approach, they consider that two criteria need to be satisfied simultaneously to form a planet by GI: the Toomre parameter (Toomre 1964) needs to be small enough for an instability to occur, which translates into a minimum mass of the resulting planet, and the cooling timescale of the disk needs to be short enough for fragmentation to occur (Gammie 2001) , which translates into a minimum semi-major axis of the resulting planet. The upper limit of F ps < 10% with 98% confidence derived by Janson et al. (2012) is in very good agreement with our findings for the non-scattered population, based on a much more realistic model. We also note that Rameau et al. (2013) reached similar conclusions as Janson et al. (2012) regarding the rarity of planets formed by GI around A-stars using the same toy model approach.
Our study goes one step further and considers for the first time a more complete formation model based on GI that includes the scattering of the planets. The semi-major axis distribution of GI objects can be significantly modified by orbital migration (Baruteau et al. 2011; Zhu et al. 2012) , dynamical interactions with neighboring GI objects, and nearby stellar systems . The masses of these bodies can also be reduced by Roche lobe overflow as they migrate inwards, drawing them into the parameter space more associated with core accretion (Nayakshin 2010a). That being said, it is equally true that statistical studies of these processes produce populations with properties that do overlap with core accretion, but they necessarily produce a large fraction of objects which remain at large semi-major axis and with masses greater than a few Jupiter masses.
The fact that this high mass component, easily detectable, is not present in most of the observations presented here places strong constraints on how frequently disk fragmentation occurs. With only three detections in the brown-dwarf and planetarymass regime, our analysis suggests that if GI is the predominant formation scenario for these objects then it is rare (<5%). This result holds whether or not scattering is considered. We note that even though our observations are not sensitive to the very widest separations over which outward-scattered planets reside in the GI population, the Spitzer/IRAC direct imaging survey by Durkan et al. (2016) has placed a frequency upper limit of 9% for planets in the 0.5-13 M Jup and 100-1000 AU ranges, which is compatible with our results closer in.
Our conclusion that GI is rare is also consistent with an analysis by Rice et al. (2015) , who considered the scattering and then tidal evolution of a population of planetary-mass bodies initially on wide orbits. Their analysis suggested that if GI were common, there should be a large population of "hot", or proto-"hot", Jupiters that formed via GI on wide orbits, were scattered onto eccentric orbits by more distant stellar companions, and were then tidally circularized by interactions with their host star. That the population of known "hot", and proto-"hot", Jupiters is inconsistent with this origin suggests that the formation of planetary-mass bodies by GI is rare.
Even though GI cannot be common, it is predicting a mass distribution of wide-orbit sub-stellar companions that is much closer to what is observed than what CA scenarios predict. To illustrate this, we compare in Fig. 11 two populations that include scattering: one based on the GI scenario, produced by the model of Forgan et al. (2015) , and the other based on the CA scenario, produced by the model of Ida et al. (2013) . While the bulk of the CA population is dominated by sub-Jupiter mass planets within ∼10 AU, there is an overlap with the GI population in the 1-10 M Jup range within 10 AU. However, the mass histogram clearly shows that GI dominates when considering masses above 5 M Jup and separations above 20 AU, similar to those of the imaged companions. CA cannot form massive brown dwarfs such as PZ Tel B, and even if extreme cases of scattered CA could form objects similar to TYC 8047-0232 B and AB Pic B, observing two cases of very large separation (>200 AU) massive companions while not observing the more common and easily detectable population that is predicted in the 50-200 AU range appears extremely improbable. Using a simple Monte Carlo simulation based on the mass and semi-major axis distributions of the two populations, and on the average detection probability map of the survey (Fig. 6) , we estimate that it is ∼600 000 times more likely to obtain three detections from the GI population than from the CA population. It seems therefore extremely unlikely for CA to be the preferential mechanism that explains the formation of the three imaged companions in the full NaCo-LP sample. This is of course even more the case when scattering is A&A proofs: manuscript no. paper not included, since in that case the CA model produces no planets at separations wider than 20-30 AU.
We cannot completely rule out the formation of some of the observed companions by gravo-turbulent fragmentation (Hopkins 2013) , that is, following a binary star-like formation scenario. Reggiani et al. (2016) have showed that the NaCo-LP observations are compatible with a sub-stellar companion mass function constituted by a superposition of the stellar mass-ratio distribution and a planet mass function extrapolated from radial velocity detections. In that framework, our conclusions would still be valid because their model shows that to be compatible with the observations, they need to apply a cutoff of the RV extrapolation well below 100 AU, that is, typically in the range where CA still manages to produce a large fraction of planets. This value of the cutoff is actually supported by many previous direct imaging surveys (e.g., Lafrenière et al. 2007; Kasper et al. 2007; Chauvin et al. 2010) .
Our analysis of the planet frequency in Sect. 6.1 assumes a linear flat distribution for the planet's mass and semi-major axis to derive the young giant planet frequency at large orbital separation. It can be argued that this approach, which does not rely on unknown or improperly modeled physics, is less prone to bias the estimation of the planet frequency. However, it puts an equal statistical weight on planets at all masses and separations, which is in contradiction with all models of planet formation, either based on CA (Mordasini et al. 2009; Ida & Lin 2004; Ida et al. 2013) or GI (Forgan & Rice 2013; Forgan et al. 2015; Nayakshin 2016a) , which all agree that the formation of very massive companions at large orbital separation occurs much less frequently than less massive, closer-in planets. Although based on models, this information is important to take into account prior to the analysis. Despite the limitations highlighted at the end of Sect. 5, the models of Forgan & Rice (2013) constitute state-ofthe-art models of formation by GI. It is important to be cautious in deriving quantitative estimations based on these models, but the fact that our frequency estimations in Sect. 6.1 are compatible with the ones derived from the population synthesis models is a good sanity check.
It is also an essential first step for on-going large scale surveys with new-generation high-contrast imagers. These surveys, which are sensitive to lower masses at smaller orbital separations, are exploring the regime where CA and GI could have similar chances to form giant planets. In that context, statistical analysis work based on the outcomes of these surveys will need to make a stronger link between the observations and planet formation theories. This means focusing not only on deriving the occurrence rate of giant companions, but more importantly on deriving the properties of their underlying mass, separation, and eccentricity distributions. We have tried to initiate a first step in this direction using population synthesis models, and we hope that more work will soon follow. A&A proofs: manuscript no. paper
Appendix B: Impact of stellar ages on the frequency estimation
The values of the probability density function of f in Tables 2 and 3 are provided for the best age estimates of the stars. In Tables B.1 and B.2 we also provide the values for the minimum and maximum stellar ages. The assumptions are the same as detailed in Sect. 6.1 and Sect. 6.2 respectively. 
